
The Hadron Physics Landscape :
Next 10 Years



• 120 GeV p from Main Injector on
p,d,A targets → high-x Drell-Yan

• Production running declared Marʼ14
N.C.R. Makins, QCD Town Mtg, Philadelphia, Sep 13, 2014

The Facilities : Today

• 12 GeV polarized e : first beam 2013, commissiong 2014, producn 2015

• Complementary capabilities in 4 Halls 
→ broad physics program

STAR !"##$%&'&()&(*&$+,$-.

Yellow beam asymmetry 
clearly reveals the shape of two 
mass resonances. 

0 and 
mass regions.

1. Nphoton = 2
2. Etotal > 40GeV
3. No Center Cut
4. Average Yellow Beam 

Polarization = 56%

STAR 2006 PRELIMINARY

!"

• Transv (T) & Longit (L) polarized p beams
colliding at √s = 200 GeV or 500 GeV

• L core : ALLπ0 (PHENIX) & ALLjet (STAR) → Δg(x)
           : ALW± at √s = 500 GeV → Δqbar(x)

• T core : AN π0 ,η ,jet ,... → Sivers/Collins/Twist-3 mix

• 190 GeV π– beam on T-polarized 
H target → polarized Drell-Yan

• First beam expected end of 2014

COMPASS-II

2013: 300 pb–1 
@ √s=500 GeV!
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m
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Beam Commissioning to Hall A
Jefferson Lab in Newport News hits major milestone in accelerator upgrade
April	
  30,	
  2014|By	
  Tamara	
  Dietrich,	
  tdietrich@dailypress.com	
  |	
  Daily	
  Press
Jefferson	
  Lab	
  in	
  Newport	
  News	
  has	
  reached	
  a	
  "major	
  milestone"	
  in	
  its	
  drive	
  to	
  double	
  the	
  
energy	
  of	
  its	
  electron	
  accelerator	
  and	
  become	
  the	
  only	
  facility	
  in	
  the	
  world	
  capable	
  of	
  
answering	
  key	
  ques?ons	
  about	
  quarks,	
  the	
  building	
  blocks	
  of	
  maAer.

0R2R

Beam	
  on	
  carbon	
  target	
  in	
  Hall	
  A	
  	
  ;	
  	
  Ebeam	
  =	
  6.1	
  GeV
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12 GeV CEBAF: Three Year Schedule

Pushing to Physics
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The Facilities : 2020+

✚ SOLID detector in Hall A → large acceptance & high rate for
          parity violation (PVDIS) & polarized SIDIS programs

STAR !"##$%&'&()&(*&$+,$-.

Yellow beam asymmetry 
clearly reveals the shape of two 
mass resonances. 

0 and 
mass regions.

1. Nphoton = 2
2. Etotal > 40GeV
3. No Center Cut
4. Average Yellow Beam 

Polarization = 56%

STAR 2006 PRELIMINARY

!"

Polarized Beam and/or Target w SeaQuest detector

✚ STAR Forward Calorimeter System = EMCal + HCal
        → forward jets & e/h separaton for Drell-Yan 

✚ fsPHENIX = forward spectrom w EMCal, HCal, RICH, tracking
        → forward jets + identified hadrons and Drell-Yan

Forward! Forward! → higher η = higher xbeam, lower xtarget

we hope ...

✚ E-1027 MI p↑ beam w polarized source + 1 Siberian Snake
✚ E-1039 SeaQuest with polarized p↑ target

A high-luminosity facility for polarized Drell-Yan



CGC
x→0

Highlights

Form 
Factors PDFs

Spectro-
scopy TMDs

Medium 
Modificns GPDs
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The Physics 
Landscape

EMC Effect

x→1

DVCS:
Jq

Exotics

Sivers:
behavior

Sivers:
sign change

DVCS:
imaging

Δq(sea)

Δg



Spectroscopy
Low-x and the CGC

Medium Modifications : the EMC Effect
Form Factors
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 talk: Curtis Meyer 
NSAC milestone HP15 (2018)
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Low x & the Color Glass Condensate

Study pA → nucleus enhances gluon density → “effectively” lowers x
Forward rapidity → high-x quark (beam) vs low-x gluon (target)

multiplicites 
← drop

correlation 
w recoiling 
parton drops

↓

STAR d+Au • mult. scat. of quark through
   saturated gluons?
• g recombination → CGC? 

RHIC Future: p↑+A SSAs

 talk: John Lajoie 
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The EMC Effect & Short-Range Correlations

EMC Slopes
0.35 ≤ xB ≤ 0.7

Weinstein et al., PRL 106, 052301 (2011)

SRC: nucleons see strong repulsive core at short distances
EMC effect: quark momentum in nucleus is altered

K. Egiyan et al, PRL96, 082501 (2006)

SRC Scaling factors 
1.5 ≤ xB ≤ 2

a2 A / d( ) = 2
A

⎛
⎝⎜

⎞
⎠⎟
σ A(2N-plateau)
σ d (2N-plateau)

2N-plateau

inclusive A(e,e′) at x > 1



N.C.R. Makins, QCD Town Mtg, Philadelphia, Sep 13, 2014

EMC & SRC: 5 approved expts to sort it out 

• exhaustive target scan to
vary nuclear properties → 
e.g. local density : 
1H, 2H, 3He, 4He, 6Li, 7Li, 
9Be, 10Be,11B, 12C, 40Ca, 
48Ca, Cu

• study isospin 
dependence of effects 

• extensive kinematic scan →
to x > 3 seeking second 
3N-plateau & to Q2 ≈ 20

Some features :

E12-06-105

EMC ~ density
~ local density 

x

A

E12-10-008
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Nucleon Form Factors : 6 Approved Expts 



S. Boffi, et al.

F. Cardarelli, et al.

P. Chung, F. Coester
F. Gross, P. Agbakpe

G.A. Miller, M. Frank

Quark Orbital Angular Momentum

C. Perdrisat, V. Punjabi, and M. Vanderhaeghen, PPNP 59 (2007)

Many	
  calcula)ons	
  able	
  to	
  reproduce	
  the	
  falloff	
  in	
  GE/GM

– Descrip)ons	
  differ	
  in	
  details,	
  but	
  nearly	
  all	
  were	
  directly	
  or	
  indirectly	
  
related	
  to	
  quark	
  angular	
  momentum

John	
  Arrington

JLab-12: 
Q2→12 GeV2
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Study transition from 
non-perturb. to 
perturb. regime

Expected at lower Q² 
than for nucleon

pQCD makes exact prediction 
for Q²  ∞,  benchmark for all 

nucleon structure models

Models from relativistic CQM to hard QCD calculations

E12-06-101: Hall	
  C,	
  	
  52	
  days,	
  	
  	
  2018	
  	
  (fully	
  comm.	
  SHMS),	
  	
  ra)ng:	
  A	
  (PAC	
  35)

Charged Pion Form Factor



Parton Distribution Functions :

The Limit   x → 1   of q(x) and Δq(x)
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PDFs in the
limit x→1

F2
n/ F2

n, d/u Ratios and A1 Limits for x 1 
  
F2

n/F2
p 

 
 d/u 

   
 A1

n 
   
 A1

p 

 
          SU(6)       2/3  1/2      0     5/9 

  Diquark Model/Feynman       1/4    0      1      1 

     Quark Model/Isgur       1/4    0      1      1 

      Perturbative QCD       3/7  1/5      1      1 

   QCD Counting Rules       3/7  1/5      1      1 

  A1:  Asymmetry measured with polarized electrons and nucleons.  Equal in 
         QPM to probability that the quark spins are aligned with the nucleon spin. 
         Extensive experimental programs at CERN, SLAC, DESY and JLab.  
 
       Extensive recent review on the valence/high-x structure of the nucleon: 
       R. J. Holt and C. D. Roberts, Rev. Mod. Phys. 82, 2991 (2010). 

x → 1 predictions

What happens 
at this bizarre 

limit?

d/u as x→1 
plagued by 

nuclear 
corrections 
on D or 3He 

2 clever
strategies
at 12 GeV!

MARATHON: 3He / 3HBONUS: recoil detecn
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d/u (x → 1)

MARATHON

F2n / F2p

BONUS

 Yellow band = current theory uncertainty 

Definitive
results at last!

NSAC milestone HP14 (2018) → unpolarized part



N.C.R. Makins, QCD Town Mtg, Philadelphia, Sep 13, 201418

2020+ : PVDIS on the Proton → d/u(x→1) with SOLID

Deuteron analysis has large
nuclear corrections (Yellow)

APV for the proton has 
no nuclear corrections
→ complementary to 
BONUS & MARATHON

The challenge is to get statistical and systematic errors ~ 2%

3-month run
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Spin-dependent PDFs are even less well understood
at large x than spin-averaged PDFs

Predictions for x     1 behavior:

spin-flavor symmetry

scalar diquark dominance

hard gluon exchange

Spin structure at large x

∆u

u
→ 1 ,

∆d

d
→ −

1

3

∆u

u
→ 1 ,

∆d

d
→ 1

∆u

u
=

2

3
,

∆d

d
= −

1

3

Spin PDFs almost completely unconstrained for x    0.6�

Ap,n
1 → 1

Ap,n
1 → 1

Ap
1 =

5

9
, An

1 = 0

42

W.	
  Melnitchouk



N.C.R. Makins, QCD Town Mtg, Philadelphia, Sep 13, 2014

PR12-06-110 (Hall C)E12-06-122 (Hall A)

x    0.77≤x    0.71≤ DIS kinematics

Flagship 12 GeV measurement!

3.0 � Q2 � 7.8 GeV2 2.8 � Q2 � 10.5 GeV2

45

A1 inclusive as x → 1 from H, D, 3He 

3He: Hall C E12-06-110

also 3He: Hall A E12-06-122

NH3,ND3: CLAS E12-06-109

Inclusive A1

A1p

A1d

A1n
CLAS will 
measure 

SIDIS 
asymmetries 

too, 
concurrently 
with these

Reconstruct Δu/u & Δd/d at 
high x from any two of these

Q2 ≈ 3–10 GeV2
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Valence Quark Polarizn 
as x → 1

Combining A1n Hall C & A1p CLAS

Definitive valence quark polarizations at x > 0.6 → NSAC milestone HP14 (2018) 
polarized part

Drell-Yan : Sea Quark 
PDFs as x → 1

d (x)
u (x)

SeaQuest at FNAL : 2 yr projecn



Parton Distribution Functions :

Gluon and Antiquark Polarization
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Δg at RHIC → 2020
√s L* (pb–1)

2006 200 7
2009 200 25

“ 500 10
2011 500 12
2012 500 82
2013 500 300

Longitudinal Data

L* recorded at STAR

(1) Δg workhorses:
ALL→  π0 + X @ PHENIX
ALL→ jet + X @ STAR      

... 2009
prelim

pQCD Fits :

DIS + RHIC ≤ 06 

+ RHIC 09-13 projec
NSAC milestone 
HP12 (2013) ✔

+ RHIC 09 
prelim
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Δg 2020+ 

+ RHIC 09 prelim

(2) reduce xmin from 0.05 → 0.02 via √s = 500 GeV & 
         new/near-term forward detectors (e.g. PHENIX MPC)

(3) constrain x-dependence of Δg(x) via ≈exclusive final states
     → dijets at STAR & di-π0 at PHENIX
     → reconstruct initial-state parton kinematics

dijets SIDIS

(4) forward upgrades : reduce xmin → 0.001 
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Δqbar
at RHIC :

AL(W±)
√s L* (pb–1)

2006 200 7
2009 200 25

“ 500 10
2011 500 12
2012 500 82
2013 500 300

Longitudinal Data

simulated
data

matching
2012-13
lumi →

& matching fits :

NSAC milestone HP8 (2013) ✔



Polarized 3He at RHIC, beyond 2017

Argonne	
  Na?onal	
  Laboratory

43

• Source	
  R&D	
  underway	
  at	
  MIT
• Important	
  for	
  EIC

Thanks	
  to	
  R.	
  Milner

Goal:	
  3He++	
  at	
  3E12	
  s-­‐1	
  
with	
  70%	
  polariza?on

Tag	
  proton	
  spectator	
  with	
  
Roman	
  pots	
  phase	
  II

hAps://indico.bnl.gov/
conferenceProgram.py?confid=405	
  for	
  
proceedings	
  of	
  September	
  2011	
  RBRC/
BNL	
  workshop	
  on	
  Opportuni*es	
  for	
  
Polarized	
  He-­‐3	
  in	
  RHIC	
  and	
  EIC.

Roy	
  Holt
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Δqbar at JLab : SIDISAnalysis 
depends on 

factorization : 
e.g. at LO  → dσh ∼∑

q
e2q q(x) · σ̂ · Dq→h(z)

... and knowledge of 
fragmentation 

functions (or fitted 
MC model thereof)

Caution required at 
modest energies

HERMES  3.1 < W < 7.2
JLab  2.3 < W < 4.5

not all that different ...
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1st and last search for LO-factorizn edge

Final multiplicities (2013) all combined:

LO extractions of PDF(x) combinations from π± multiplicities

EXPERIMENTAL SYSTEMATICS

✔ only breaks down where it MUST

hermesmults.appspot.com

http://hermesmults.appspot.com/
http://hermesmults.appspot.com/
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JLab SIDIS : Careful Strategy

(1) Make high-precision scans of σ(x,z,pT,Q2) with Hall C spectrometers
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Improved PDFs from NLO analyses 

CLAS12 SIDIS: Δqbar 
Statistical Projections

*CLAS12 RICH → Kaon ID

xΔs (x)

xΔd (x)

xΔu (x)



Generalized Parton Distributions:

Spatial Imaging of Partons
& their

Orbital Angular Momentum
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Generalized Parton Distributions
hard exclusive 
processes →

DVCS

ξ ξ

ξ ξ

Q
t = Δ

2
2γ∗ γ

x + x −

P (1 +   ) P (1 −   )

Four new distributions : GPDs

Fourier transform of 
t-dependence

 

q helicity sum →  H (x, ξ, t)
→  E (x, ξ, t)

q helicity diff →  H (x, ξ, t)
→  E (x, ξ, t)

Goal 2: Orbital Angular Momentum

Jiʼs Sum Rule for

Jq =
1
2

Z 1

−1
xdx [Hq(x,ξ, t = 0)+Eq(x,ξ, t = 0)]

Jq =
1
2
ΔΣ+Lq

Goal 1: Transverse Imaging of Nucleon
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DVCS Strategy at JLab-12

(1) Establish scaling of σDVCS in Hall A
E12-06-114 : unpol H target, Lpol beam
          → runs very early ≈ 2014

(2) Measure DVCS at CLAS in
      broad kinematic range with
      polarized & unpol observables



Proton BSA DVCS ALU E12-06-009
80 days @ L = 1035 cm−2s−1 with 85% polarized beam ALU ∝ F1H + ξGMH̃ −

t

4M2 F2E

Projections for CLAS12

Statistical uncertainties :
from 1 % (low Q

2)
to 10 % (high Q

2)

Unprecedented statistics
over the full φ range
up to high x = 0.6

23/27

CLAS

F.-­‐X.	
  Girod



Proton BSA DVCS ALU E12-06-009
80 days @ L = 1035 cm−2s−1 with 85% polarized beam ALU ∝ F1H + ξGMH̃ −

t

4M2 F2E

Projections for CLAS12

Statistical uncertainties :
from 1 % (low Q

2)
to 10 % (high Q

2)

Unprecedented statistics
over the full φ range
up to high x = 0.6

23/27F.-­‐X.	
  Girod

CLAS

Goal 1: spatial 
distributions of partons

get similar 
precision for 

TSA  AUL



Projected impact on GPD extraction methods

Using simulated data
based on VGG model.
Input GPD H extracted
with good accuracy

25/27F.-­‐X.	
  Girod



Projected impact on GPD extraction methods

Using simulated data
based on VGG model.
Input GPD H extracted
with good accuracy

25/27F.-­‐X.	
  Girod



Precision tomography in the valence region

26/27F.-­‐X.	
  Girod



DVCS Goal 2: Access to L via GPD E

⚫ C12-12-010: CLAS w
   HD-Ice Transverse target

⚫ E12-11-003: CLAS w
   Unpol Deuterium target

Beam-time request: 90 days (80 of production data taking at L = 1035 cm s /nucleon)
C L AS12 + Forward Calorimeter + Central Neutron Detector (efficiency ~10%)
85% polarized electron beam
liquid deuterium target

Expected accuracy and coverage

ed n

-t0 1.2

BS
A

-0
.2

0.
2

Relative error on the yield: 
N/N~0.05%-10%

Estimated systematic
uncertainties: 8%

Ju=.3, Jd=.1
Ju=.1, Jd=.1

Ju=.3, Jd=.3
Ju=.3, Jd=-.1

Model predictions (V G G)
for different values of 

angular momentum
ALU

Model predictions (VGG) for different values of Ju & Jd

Ju , Jd sensitivity reversedsensitivity to Ju excellent, Jd very good

more flavors → exclusive meson program (more challenging)



TMDs : The Sivers Function

f⊥1T(x,kT)
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TMDs : The Sivers Distribution π+

uv
df1T

⊥ (x,kT ) =  Canʼt exist without quark OAM

  but it is not L ...  SSAs produced via
    some “lensing function”, e.g. → π+

u mostly over here

FSI kick

 NSAC	
  Milestone	
  HP13	
  (2015)	
  “Test	
  
unique	
  QCD	
  predic?ons	
  for	
  rela?ons	
  
between	
  single-­‐transverse	
  spin	
  
phenomena	
  in	
  p-­‐p	
  scaAering	
  and	
  those	
  
observed	
  in	
  deep-­‐inelas?c	
  scaAering.”

 COMPASS-­‐II,	
  RHIC-­‐spin,	
  polarized	
  FNAL

“Smoking gun” prediction of TMD formalism:

DY

DIS

(Orbital Angular Momentum)

f1T
⊥

DIS
= − f1T

⊥
DY ,W∴ Goal #1 = observe the Sivers Sign Change
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The Sivers Sign Change < 2020

39

⚫ COMPASS-II  (2014)
π– p↑ Drell-Yan

RHIC : 500 pb–1 (2016?)

⚫ Beam-Polarized 
       SeaQuest (2017+)

PHENIX 
AN (DY)

STAR 
AN (W±)

2 < M µµ < 2.5 GeV

4 < M µµ < 9 GeV
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Global Fits to 
SIDIS data

(binned in three different ways: in x; z; Ph?), we consider
all three projections but we multiply their statistical errors
by a factor

ffiffiffi
3

p
and we divide by 3 the number of these

bins (105 and 104) when counting the number of degrees
of freedom. The anomalous magnetic moments are known
to a precision of 10!7 or higher [35]. However, given
the typical uncertainties on PDF extractions, our compu-
tation of ! is affected by a theoretical error of the order
of 10!3. Therefore, for our present purposes we take !p ¼
1:793# 0:001, !n ¼ !1:913# 0:001.

We started from considering 15 free parameters. They
are C !q; Cqv ;"qv , with q ¼ u; d; s, the gluon coefficient Cg,
M1, the lensing parameters K and #, and the scales Q0 and
QL. However, after some explorations, we made a common
set of assumptions in all attempted fits. In all cases, we
fixed "dv;sv ¼ 0 (no nodes in the valence down and strange
Sivers functions, as suggested in Refs. [9,10,23,24]). We
also set Cg ¼ 0 (the influence of the gluon Sivers function
through evolution is anyway limited). Finally, all fits in-
dicated that Q0 ¼ QL ¼ 1 GeV was an acceptable choice.
Therefore, the actual number of free parameters is at most
10. In this framework, we conclude that it is possible to
give a simultaneous description of the SIDIS data and of
the nucleon anomalous magnetic moments assuming the
relation in Eq. (3).

We explored several scenarios characterized by different
choices of the parameters related to the strange quark. We
considered fits with fixed C!s ¼ 0, or with fixed Csv ¼ 0, or
with both parameters free (but constrained within positiv-
ity limits), or with both fixed Csv ¼ C !s ¼ 0. In all cases,
we obtained very good values of $2 per degree of freedom
($2=d:o:f:) between 1.323 and 1.347. All fits lead to a
negative Sivers function for uv and large and positive for
dv, in agreement with previous studies [13–16] and with
some models [36–38]. The data are compatible with van-
ishing sea-quark contributions (with large uncertainties).
However, in the x range where data exist, large Sivers
functions for !u and !d are excluded, as well as large and
negative for !s. The Sivers function for sv is essentially
unconstrained. The parameter M1 is quite stable around
0.34 GeV, as well as the strength of the lensing function K
around 1.86 GeV. The parameter # is typically around 0.4
but can vary between 0.03 and 2. The node "uv appears
only above x $ 0:78.

We now discuss in detail the case with fixed Csv ¼
C !s ¼ 0, because it gives the best $2=d:o:f: (1.323) and
suggests that it is possible to fit the present SIDIS data

for Sivers asymmetries in kaon emission without the
strange contribution to the Sivers function. The best-fit
values of the parameters are listed in Table I together
with their statistical errors corresponding to "$2 ¼ 1.
In Fig. 1, we show the corresponding outcome for

xf?ð1Þa
1T ðx;Q2

0Þ with a ¼ u; d; !u; !d. The Sivers functions
for s; !s vanish identically. The uncertainty bands are pro-
duced by propagation of the statistical errors of the fit
parameters including their correlations, and correspond to
"$2 ¼ 1. Our results are comparable with other extrac-
tions of the Sivers function [13,15,16]. They are also
qualitatively similar to the forward limit of the GPD E
extracted from experiments [30,31,39,40].
We can now compute the contribution to the anomalous

magnetic moment of each valence quark flavor qv using
Eq. (14). We obtain

TABLE I. Best-fit values of the 8 free parameters for the case Csv ¼ C !s ¼ 0. The final
$2=d:o:f: is 1.323. The errors are statistical and correspond to "$2 ¼ 1

Cuv Cdv C !u C
!d

!0:229# 0:002 1:591# 0:009 0:054# 0:107 !0:083# 0:122

M1 (GeV) K (GeV) # "uv

0:346# 0:015 1:888# 0:009 0:392# 0:040 0:783# 0:001

0.04

0.03

0.02

0.01

0.00

0.00

0.01

0.02

0.03

0.04

0.004

0.000

0.004

0.2 0.4 0.6 0.8
x

0.004

0.000

0.004

FIG. 1. The function xf?ð1Þa
1T ðx;Q2

0Þ (see text) as a function of x
at the scale Q0 ¼ 1 GeV for a ¼ u; d; !u; !d from top panel to
bottom, respectively. The uncertainty bands are produced by the
statistical errors on the fit parameters listed in Table I.

PRL 107, 212001 (2011) P HY S I CA L R EV I EW LE T T E R S
week ending

18 NOVEMBER 2011

212001-3

Bacchetta & Radici,
PRL 107 (2011)
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FIG. 6: The Sivers distribution functions for u, d and s flavours as determined by our simultaneous fit of HERMES and
COMPASS data (see text for details). On the left panel, the first moment x ∆Nf (1)(x), Eq. (17), is shown as a function of x
for each flavour, as indicated. Similarly, on the right panel, the Sivers distribution x∆Nf(x, k⊥) is shown as a function of k⊥

at a fixed value of x for each flavour, as indicated. The highest and lowest dashed lines show the positivity limits |∆Nf | = 2f .

IV. PREDICTIONS FOR FORTHCOMING EXPERIMENTS

Using the Sivers functions determined through our fit, we can give predictions for other transverse single spin

asymmetries Asin(φh−φS)
UT which will be measured in the near future. Fig. 8 shows the results we obtain for the

COMPASS experiment operating with a hydrogen target, adopting the same experimental cuts which were used for
the deuterium target (Eq. (71) of Ref. [1]).

Forthcoming measurements at the energies of 6 and 12 GeV are going to be performed at JLab, on proton, neutron
and deuteron transversely polarized targets. The obtained data will be important for several reasons; they will
cover a kinematical region corresponding to large values of x, a region which is so far unexplored from other SIDIS

← Anselmino et al, 
EPJA 39 (2009)

d

u

antiquark
Sivers now ≈ 0

−x f1T
⊥ (1) (x)

final data

antiquark
orbital L ≠ 0

favoured

Goal #2 = measure Sivers for sea-quarks
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Meson Cloud on an Envelope → It ORBITS

|p> = p + Nπ + Δπ + ... 

Pions have JP = 0–  = negative parity ...
→ need L = 1 to get protonʼs JP = ½+

Nπ cloud:

2/3   n π+

1/3   p π0 ⊗
2/3   Lz = +1 1/3   Lz = 0

πN π N

Δπ cloud:

1/2   Δ++ π–

1/3   Δ+   π0 
1/6   Δ0  π+ 

⊗
1/2   Lz = –1

1/3   Lz = 0
1/6   Lz = +1

π Δ

p

   d,ubar-sea =  Δ++ π– with   Lz(pion) < 0
Dominant 
source of:

u,dbar-sea =  n π+     with   Lz(pion) > 0
L is in 

the SEA

Lattice 
support: 
K.F. Liu



N.C.R. Makins, ECT* Trento Drell-Yan, May 21-25, 2012
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The Sea is 
Orbiting!

KehFeh Liu, 
INT Workshop, Feb 2012

New: add DI  
Disconnected 

Insertions 
→ Pure Sea
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Leptons: clean, surgical tools

SIDIS

e+e–
Drell-Yan

• Disentangle quark flavours q → measure
   as many hadron species H,h as possible

• Disentangle distribution (f) and fragmentation (D)
       functions → measure all process

∑
q

e2
q f

(H)
q (x) D

h
�

q
(z)

These are the only processes where 
TMD factorization is proven

vast 
JLab TMD 
program 



 Nucleon Structure with SoLID-SIDIS 
Semi-­‐inclusive	
  Deep	
  InelasQc	
  ScaRering	
  
program:	
  
Large	
  Acceptance	
  +	
  High	
  Luminosity
+	
  Polarized	
  targets
	
  	
  4-­‐D	
  mapping	
  of	
  Collins,	
  Sivers,	
  and	
  
pretzelocity	
  asymmetries,…
	
  Tensor	
  charge	
  of	
  quarks,	
  transversity	
  
distribu?ons,	
  TMDs…
Benchmark	
  test	
  of	
  Lajce	
  QCD,	
  probe	
  
QCD	
  Dynamics	
  and	
  quark	
  orbital	
  mo?on

Collins Asymmetry Total > 1400 points 

SoLID	
  projecQons

ExtracQons	
  from
exisQng	
  data	
  

LQCD

DSE

Models

Tensor Charges
Pretzelosity  information on OAM

One example: JLab 
TMDs via SIDIS 
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The Missing Spin Program: 
Drell-Yan

Drell-Yan

• Crucial test of TMD formalism
→ sign change of T-odd functions

• Clean access to sea quarks
e.g.                  at E866/SeaQuestd (x) /u (x)E866
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CTEQ4M
MRS(R2)
MRST
NA 51
FNAL E866/NuSea

x

d_  / 
u_

±0.032 Systematic error not shown
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W reconstruction Strategy

Ingredients	
  for	
  the	
  analysis
• Isolated	
  electron
• neutrino	
  (not	
  measured	
  directly)
• Hadronic	
  recoil

 Select	
  events	
  with	
  the	
  W-­‐signature
 Isolated	
  high	
  PT	
  >	
  25	
  GeV	
  electron
Hadronic	
  recoil	
  with	
  total	
  PT	
  >	
  18	
  GeV

 Neutrino	
  transverse	
  momentum	
  is	
  reconstructed	
  from	
  missing	
  PT

 Neutrino’s	
  longitudinal	
  momentum	
  is	
  reconstructed	
  from	
  the	
  decay	
  kinemaQcs
 


PT

ν ≈ −

PT
i

i∈ tracksclusters

∑

 MW
2 = (Ee + Eν )

2 − ( pe +
pν )

2

STAR !"##$%&'&()&(*&$+,$-.

Yellow beam asymmetry 
clearly reveals the shape of two 
mass resonances. 

0 and 
mass regions.

1. Nphoton = 2
2. Etotal > 40GeV
3. No Center Cut
4. Average Yellow Beam 

Polarization = 56%

STAR 2006 PRELIMINARY

!"

despite the ν!

W-reconstrucn 
achieved!
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∆u(x),∆d(x) at RHIC
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The Third Spin Program : 
Drell-Yan & W-production

Drell-Yan

W production • Clean access to sea quarks
e.g. 

• Crucial test of TMD formalism
→ sign change of T-odd functions

★ A complete spin program 
requires multiple hadron species
→ nucleon & meson beams
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COMPASS, E-1027, E-1039 (and Beyond)

Beam 
Pol.

Target 
Pol.

Favored 
Quarks

Physics Goals
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Planned Polarized Drell-Yan Experiments

Experiment Particles Energy
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Grateful thanks to the many people who contributed slides,
and the countless people who made the plots! 

Conclusions

• After the coming 5-10 years, the hadron physics landscape 
will have changed

• Nucleon form factors will be done 
... meson form factors will likely remain a question

• The valence-x region — where spin effects are centered — 
will be rather thoroughly mapped 
... low-x extrapolations will likely remain an issue, 
    but can it ever be resolved? 

• Parton OAM is a key issue & will be assaulted with a great 
deal of data, but is theory able to reliably interpret them?

• No more milestones!  The coming decade of data will 
no doubt influence the next ones we should write. 




